In the acoustic fatigue experiment for hypersonic vehicle in simulated harsh service environment on ground, acoustic loads on the surface of test pieces of the vehicle need to be measured. However, for the normal microphones without high temperature resistance ability, the near field sound measurement cannot be achieved. In this work, on the basis of previous researches, an acoustic tubes array is designed to achieve the near field measurement of acoustic loads on the surface of the test piece in the supersonic airflow with high temperature achieved by coherent jet oxygen lance. Firstly, the process of designing this acoustic tubes array is introduced. Secondly, the equality of phase differences at the front and at the end of the tubes is stated and proved using a phase differences test with an acoustic tubes array whose design is presented in this text; therefore, the phase differences of signals acquired by microphones can be directly applied to beamforming algorithm to determine the acoustic load source. Finally, using above mentioned acoustic tubes array, measurement of acoustic load, with and without a test piece in the supersonic airflow made by the coherent jet oxygen lance, is conducted respectively, and the measurements results are analyzed.
Introduction
A hypersonic vehicle works in extremely harsh environment. It faces considerable amount of challenges such as high temperature, noise and aerodynamic loads during its flight. For high intensity of the aerodynamic noise, made by the propulsion system and boundary layer, the random vibration on the wall of the vehicle is excited, and thereby degenerates an acoustic fatigue crack in weak position of the vehicle, leading to fatigue failure (Swanson et al., 2007; Clarkson, 1994; Mixson, Roussos, 1987; NASA, 2001 ; Moses et al., 2004) . Acoustic fatigue has a considerable effect on the service life and the safety of hypersonic vehicles. Thus, when designing the vehicle body some acoustic fatigue experiments on vehicle materials and structures in simulation service environment on ground should be conducted to test their fatigue life. In order to predict the accurate fatigue life, it is necessary to measure the acoustic load on surface of the test piece.
In the past few decades, tremendous progress was made by NASA Langley in the field of experiments on acoustic fatigue in high sound intensity and high temperature. A traveling-wave tube system was designed, where the acoustic load with high sound pressure level (more than 160 dB) could be produced, and a quartz lamp heater was put to heat the test piece. Furthermore, some microphones were mounted on the wall of that tube to monitor the acoustic intensity in this environment. Meanwhile, NASA Langley also conducted acoustic fatigue experiments in a reverberation chamber (Rizzi, 2001; Craig et al., 2007) . However, as the acoustic fields in both environments were regarded as uniform acoustic fields, the attention was not focused on the measurement of acoustic loads distribution on surface of the test piece.
In 2009 the US Air Force used a microphone array in near field to characterize the jet noise made by F-22, thus providing a guide for measurement of thermoacoustic loads distribution. In this measurement, if all of the microphones were for a long time totally exposed to the jet with high temperature, the temperature of microphones would be increased and even would exceed the temperature limit below which they functioned well. Therefore, a cool down period of 4.5 min was taken during each test script; hence, the total experiment time was increased (National Instrument, 2010) . If the thermo stability of microphones were good enough, the cool down period would be maintained. In 2011 a fiber-optical microphone for thermo-acoustic measurements was designed, and it proved to be high temperature resistant (Konle, Paschereit, Röhle, 2011) . However, the application of this microphone to measuring acoustic loads with high frequency and intensity was limited. In 2012, to resist high temperature, NASA Langley put a microphone array in a protection chamber for measuring launch vehicle lift-off acoustics (Garcia, 2012) , indicating the feasibility of near field measurement made by normal microphones with thermal protection.
Coherent jet oxygen lance was designed, based on the principle of coherent jet in electric furnace steel making, which can jet supersonic airflow with high temperature. The real harsh working condition of material or structure of a hypersonic vehicle can be simulated by this facilities offering the experiment condition on ground (Yang et al., 2007) .
In this work, on the basis of previous researches, to achieve the near field measurement of the acoustic loads on the surface of the test piece in the supersonic airflow with high temperature made by coherent jet oxygen lance, an acoustic tubes array is designed. With this array, the sound signals in harsh near field are transmitted to a relative low-temperature place, where a number of normal microphones composing a microphone array are mounted, measuring the sound signals. Thereupon, using these sound signals, the beamforming algorithm is used to measure the distribution and intensity of acoustic load source on surface of the test piece. In this array, the function of the tube is to protect the microphone from the heat area and transmit the sound wave. The suggested acoustic tubes array can be used to achieve the acoustic near field measurement in harsh environment.
In the rest of this article, firstly the process of designing an acoustic tubes array is introduced. Secondly, the equality of phase differences at the front and the back of the tubes is stated and proved by a phase differences test with an acoustic tubes array whose design is presented in this text, therefore the phase differences of signals acquired by microphones can be directly applied to beamforming algorithm to determine the acoustic load source. Finally, using above mentioned acoustic tubes array, measurement of the acoustic load, with and without a test piece in the supersonic airflow made by the coherent jet oxygen lance, is conducted, and the measurements results are analyzed.
Design of the acoustic tube
As shown in Fig. 1 , in an acoustic field measurement the acoustic wave propagates into the acoustic tube through the entrance, and then to the exit where it is measured by a microphone. The process of designing an acoustic tube includes the choice of a tube diameter, the measuring of eliminating the standing wave, and the installation of the microphone. The details of the process are introduced in the remainder of this section. 
The diameter of the acoustic tube
Based on the theory of acoustic tube, the acoustic waves inside a tube are regarded as plane waves which propagate in different directions. However, for an accurate and direct measurement, only the plane wave propagating in the axial direction should exist (Kim et al., 2011) . In order to meet that requirements, the diameter d of this tube should satisfy the following formula (Kinsler et al., 1999; Eriksson, 1980) 
where c is the minimum sound speed in the tube and f is the cut-off frequency. In this text, the largest frequency of interest is 8000 Hz. Based on the sound speed equation as shown in Eq. (2)
where R, γ and µ are all constants for air, a small air temperature t corresponds to a small value of sound speed. In Eq. (2), γ = 1.402, µ = 29 × 10 −3 kg/mol, and R = 8.31 J/K·mol. Moreover, in the real measurement, the temperature ranges from 10
• at the end of the tube, to 64
• at the front. Thus, substituting the minimum temperature of 10
• into the Eq. (2), the minimum sound speed value in the tube is calculated to be 337.2 m/s. Then based on formula (1), the diameter of the acoustic tube must be less than 24.7 mm. Hence, a kind of tube product with an inner diameter of 22 mm is determined to making the acoustics tube array.
Elimination of standing wave in the acoustic tube
The standing wave generated by the reflection of sound will distort the sound signal measured by a microphone. In order to eliminate the standing wave a sound-absorbing tube (as long as possible with finite length, called the "semi-infinite tube") is mounted at the end of the acoustic tube. The determination of its parameters depends on the sound deadening capacity T L [dB], which is calculated as the following equation:
where β(α) is the sound deadening ratio, α is the acoustical absorptivity, l represents the length, and d a is the inner diameter of an semi-infinite tube. The value of β(α) can be calculated by Eq. (4)
In this text, the value of T L is intended to reach 60 dB. Next, a kind of rubber tubing product is chosen to be the semi-infinite tube. 
Installation of the microphone
1/2 inch pressure field electret microphone is used in this paper. When mounting a microphone on an acoustic tube, the vertical position of a microphone should be kept as high as possible while ensuring that the whole diaphragm is in the tube, as shown in Fig. 2 . 
Equality of phase differences
Beamforming is a commonly used algorithm for array signal processing that has been widely used in signal source identification (Peral-Orts et al., 2013;
Zhao et al., 2013; Bai, Lee, 1998), and the detailed theory of this algorithm can be found in corresponding literature (Markovic et al., 2013; Yan et al., 2009 ). The essence of beamforming algorithm is that the input signals acquired by all sensors in a sensors array are weighted based on phase differences between the reference sensor and all sensors, and then summed so the output power of the array along the observation direction is enhanced and the one along the other direction is suppressed.
Based on the essence of the beamforming algorithm, during the reconstruction process of acoustic load source distribution by an acoustic tubes array, the key step is the accurate calculation of the phase differences between the phase at the entrance of the reference tube, and that of other tubes. In order to achieve that, the relation between the phase differences at the entrance and those at the exit of the tubes must be determined first.
In fact, based on the theory of acoustic tube, only plane waves parallel to the axial direction propagate in the tube below the cut-off frequency. For a tube x 1 and x 2 stands for the axial position of entrance and exit respectively. Then, the phase difference ∆φ between these two positions is calculated as:
where k is the wave number and l is the distance between these two positions. As a result, for an acoustic tube array with the same tube length, all of the phase differences values of different tubes are equal. Therefore, no matter what the value of ∆φ is, the phase differences at the front of the array are the same with those at the end. In order to prove the equality of phase differences, a 4-element acoustic tubes array is designed based on Sec. 2 in this text for measuring the phase differences in a normal room as shown in Fig. 3a In the measurement, the distance between the sound source and the acoustic tube is 65 cm. And the distance of each two adjacent tubes is 10 cm. Eight simple tones are produced every a thousand hertz from 1000 Hz to 8000 Hz respectively. The samplings for each frequency are conducted three times. The NIPXIe system is used to achieve the eight channels of data synchronous acquisition with a sampling frequency of 44100 Hz. The layout of the experiment facilities is shown in Fig. 3b .
By analyzing the cross-correlation between the signals of the reference microphone and those of other microphones, phase differences results are acquired as shown in Table 1 . The aim is to observe whether the relation of phase differences shown in Eq. (6) is valid
In Table 1 the error means the difference between the phase difference at the front of the tubes and at the end, that is to say,
It can be seen that the maximal mean error of all is 0.570 rads in 4000 Hz, which is about 0.09 cycles. That is to say, the value of data offset made by the error is only about one sampling point. Moreover, for most frequencies, the mean error is zero. In order to further prove the equivalence of phase differences, the sound source maps are plotted by signals of the microphone array at the front and that at the end respectively, based on beamforming algorithm, as shown in Fig. 4 and Fig. 5 .
From Figs. 4 and 5, it can be seen that the position of sound source located by the array at the end in each frequency is the same with that by the front array. Thus, it is indicated that the design of sound tubes has good performance in equality between phase differences at the front of the tubes and those at the end. Therefore, phase differences of signals acquired by microphones mounted at the end of tubes can be directly applied to beamforming algorithm without any correction. 
Measurement in the supersonic airflow
The experiment of measurement of acoustic load is conducted in the environment of supersonic airflow made by coherent jet oxygen lance. The coherent jet oxygen lance system is composed of high pressure airsupply device, central control system, jet system, and measurement section. In this experiment, controlled by central control system, the dimethyl methane, air, and oil are pressurized, and then sent to the pipes of the oxygen lance connected with the atmosphere as shown in Fig. 6 . After lighting those three kinds of gases outflowing from the corresponding rings of holes in the oxygen lance, the supersonic airflow with a central temperature of 1200
• and a flow velocity of 1.7 Ma, will be generated as shown in Fig. 7 . In the experiment, a 310 × 235 × 2 mm rectangle test piece made of aluminium alloy is placed 50 cm away from the oxygen lance. The side of the test piece near the oxygen lance is fixed by the fixture with bolts and the remaining three sides are unfixed. In order to measure the acoustic load source distribution on this test piece in the supersonic airflow, a 3 × 3 acoustic tubes array, with 100 mm tubes spacing of each two adjacent tubes, is built up 65 cm away from the test piece. The layout of the experiment facilities is shown in Fig. 8 . What's more, another experiment to measure the acoustic load in the supersonic airflow without the test piece is conducted. The layout of the test facilities is the same as the former one except for putting away the test piece. NI-PXIe data acquisition system is used to ensure the nine channels data synchronous acquisition. The data acquisition starts just a few seconds before the coherent jet oxygen lance begins to work and the whole sampling time is less than 1 minute. Then, all the nine channels of sound signal time domain data is obtained. Observing the time domain data of channel 1 in Fig. 9 , it can be seen that in the initial period the amplitude of sound pressure isn't stable because the coherent jet oxygen lance hadn't worked stably since it started. Thus, only the data acquired during the stable period inside the rectangle is applied to the sound load analysis.
In the same running condition of the oxygen lance, the spectrums of the sound signal for channel 1 in the two tests are shown in Fig. 10 . Both of spectra can be divided into two parts by the red line. One is the low frequency band and the other is the high frequency band. It can be seen that the dominant frequency band in these two tests is different. For the spectrum without the test piece the dominant frequency band is at the low frequency band part ranging from about 100 Hz to 3000 Hz. On the other hand, for the spectrum with the test piece the dominant frequency band is at the high frequency band part ranging from about 3000 Hz to 5000 Hz. Thus, it is indicated that the change of the dominant frequency band is caused by the test piece. In order to find out the distribution of the acoustic load source in both high and low frequency bands and further analyze the change of the acoustic load caused by the test piece, acoustic load source maps in those two tests is plotted by beamforming algorithm as shown in Fig. 11 and Fig. 12 . In each map, a 1 × 1 m square is chosen as the analysis area, where the geometric center of the test piece is set as the origin of coordinates and the position of the oxygen lance is on the left side. In Fig. 11 the analyzed frequency band is at the low frequency band part ranging from 100 Hz to 3000 Hz which is the dominant frequency band in the test without the test piece. For both tests the acoustic load sources are located near the oxygen lance.
In Fig. 12 the analyzed frequency band is at the high frequency band part ranging from 3000 Hz to 5000 Hz which is the dominant frequency band in the test with the test piece. For the test without the test piece the acoustic load source is still located near the oxygen lance as it is at the low frequency band part. However, for the test with the test piece the acoustic load source is located near the right side of the test piece. From the analysis above, it can be indicated that it is the test piece that changes the original frequency components and the original distribution of acoustic load source in the supersonic airflow. The test piece vibrates under the force of the supersonic airflow. The main frequency component of this vibration probably ranges at high frequency band part. As the right side of the test piece is ufixed, the vibration amplitude there is the most noticeable in the entire test piece and forces the air adjacent the unfixed edge to vibrate intensively. As a result, a new acoustic source of corresponding frequency with large intensity is produced and then measured by the acoustic tubes as shown in Fig. 12a . On the other hand, for the test without the test piece the acoustic load source stays near the oxygen lance whatever the frequency band is. Based on the corresponding literature (Troutt, McLaughlin, 1982 ) the original acoustic load source in the supersonic airflow should be near the oxygen lance what can explain the test result by the acoustic tubes array.
In conclusion, for the acoustic load distribution of the supersonic airflow without the test piece the dominant frequency band is at low frequency band part and the acoustic load source stays near the jet lance. On the other hand, for the acoustic load distribution of the supersonic airflow with the test piece the dominant frequency band is at the high frequency band part and a new acoustic load source is produced near the unfixed edge of the test piece.
Conclusions
1. Aiming at the sound measurement in the supersonic airflow made by the coherent jet oxygen lance, where normal microphones cannot measure directly in the near field, an acoustic tubes array is designed.
It not only protects the normal microphones from high temperature but also is applied to acquire the distribution of acoustic load source in the supersonic airflow. This acoustic tubes array could be offered as an alternative method to conduct sound filed measurement in harsh environment. 2. In the environment of a supersonic airflow with a flow velocity of 1.7 Ma and a temperature of 1200
• made by the oxygen lance, the acoustic load test, where a test piece is put in the supersonic airflow and that without the test piece, is conducted respectively by the acoustic tubes array. For an accurate reconstruction of the acoustic load source in such an environment, firstly spectrum analysis should be conducted to find out the dominant frequency bands of the sound signal. Next, the beamforming algorithm is used to get the distribution of the acoustic load source in every frequency band separately divided, based on the dominant frequency bands. The test results are analyzed and the effectiveness of using the acoustic tubes array to measure the sound in the supersonic airflow is verified in these tests.
